ABSTRACT Pirfenidone is an antifibrotic agent that has been evaluated in three multinational phase 3 trials in patients with idiopathic pulmonary fibrosis (IPF). We analysed pooled data from the multinational trials to obtain the most precise estimates of the magnitude of treatment effect on measures of disease progression.
Introduction
Pirfenidone is an oral antifibrotic agent that has been evaluated in three similar multinational phase 3 trials in patients with idiopathic pulmonary fibrosis (IPF) [1, 2] . The CAPACITY trials (studies 004 and 006) [1] evaluated the efficacy and safety of treatment with pirfenidone for a minimum of 72 weeks; the ASCEND trial (study 016) [2] evaluated treatment with pirfenidone for 52 weeks. The pre-specified primary efficacy end-point in all three trials was the change from baseline in per cent predicted forced vital capacity (FVC % pred).
Evaluation of outcomes in the CAPACITY trials showed that pirfenidone significantly reduced the decline in FVC % pred at week 72 in study 004, but not in study 006 [1] , prompting a third multinational phase 3 trial (ASCEND) to confirm the effect of pirfenidone in patients with IPF. In the ASCEND trial, pirfenidone significantly reduced the decline from baseline to week 52 in FVC % pred and improved progression-free survival [2] , confirming observations from the CAPACITY studies as well as two prior Japanese studies and an independent meta-analysis of data from the CAPACITY and Japanese studies conducted under the auspices of the Cochrane Collaboration [3] [4] [5] . Analysis of outcomes at 1 year in each of the multinational phase 3 studies provided evidence of a pirfenidone treatment benefit on multiple measures of disease progression, including FVC % pred, 6-min walk distance (6MWD) and progression-free survival [1, 2] .
To obtain more precise estimates of the magnitude of treatment effect in the broad population of patients enrolled in these trials and further evaluate the effect of pirfenidone in subpopulations of interest, we conducted an exploratory analysis of pooled data from the ASCEND and CAPACITY studies. Analyses were based on the pre-specified end-points and analytic methods described in the ASCEND study protocol. Outcomes were assessed at 1 year (the duration of the ASCEND study) to allow each study to contribute equal follow-up times to the landmark analyses. The magnitude of effect beyond 1 year was also evaluated at the time of the primary end-point in the respective studies (week 52 in ASCEND and week 72 in CAPACITY).
Methods

Study subjects
Source data included all patients randomised to treatment with pirfenidone 2403 mg·day −1 or placebo in either the CAPACITY [1] or the ASCEND studies [2] . The phase 2 and phase 3 Japanese trials of pirfenidone were not included in this analysis because they differed from the three multinational trials in study design and end-point selection. The study population in the Japanese trials was 100% Japanese. In addition, the Japanese trials had higher patient drop-out rates and more missing data than the multinational trials. Finally, certain outcome measures in the multinational trials were assessed differently compared with the Japanese trials, including FVC and progression-free survival [3, 4] .
Eligibility criteria for the CAPACITY and ASCEND studies were similar, but not identical [1, 2] . Briefly, eligibility for the CAPACITY studies required a confident diagnosis of IPF by the local investigator, FVC % pred ⩾50%, per cent predicted diffusing capacity of the lung for carbon monoxide (DLCO % pred) ⩾35%, either FVC % pred or DLCO % pred ⩽90%, forced expiratory volume in 1 s (FEV1)/FVC ratio ⩾0.70 and 6MWD ⩾150 m. Eligibility for the ASCEND study required a centrally confirmed diagnosis of IPF according to the radiological and histopathological criteria of the American Thoracic Society/European Respiratory Society/Japanese Respiratory Society/Latin American Thoracic Association [6] , FVC % pred ⩾50% and ⩽90%, DLCO % pred ⩾30% and ⩽90%, FEV1/FVC ratio ⩾0.80, and 6MWD ⩾150 m.
Study design
The primary objectives of the analysis were to obtain the most precise estimates of the magnitude of the pirfenidone treatment effect in patients with IPF, and to further interrogate the effect of pirfenidone in subpopulations defined on the basis of demographics and baseline measures of disease status.
In each of the phase 3 trials, eligible patients were randomly assigned to oral pirfenidone 2403 mg·day −1 or matched placebo. Study drug was administered with food in three equally divided doses and escalated to the full dose over 2 weeks. Clinical efficacy parameters were assessed at 12-week intervals in the CAPACITY studies and 13-week intervals in the ASCEND study. In the pooled analysis, clinical efficacy outcomes are reported at 3-month intervals from baseline to month 12. Safety outcomes are based on analysis of data at week 52 in all three studies.
Statistical analysis
The statistical analysis plan for the pooled analysis was finalised prior to unblinding of results from the ASCEND study. Pooled efficacy analyses were based on the pre-specified primary and secondary end-points from the ASCEND study, analysed according to the methodology described in the ASCEND statistical analysis plan [2] . The primary efficacy analysis in the ASCEND study was the change from baseline to week 52 in FVC % pred, analysed in the intent-to-treat population using a ranked analysis of covariance (ANCOVA) model [7, 8] . The magnitude of treatment effect was estimated by comparing the distribution of patients in the pirfenidone and placebo groups across two clinically meaningful thresholds: 10% absolute decline in FVC % pred or death, or no decline in FVC % pred (change in FVC % pred ⩾0). Results for all landmark analyses are reported as the point estimate and 95% confidence interval for the distribution of patients in the pooled pirfenidone and placebo groups across categorical thresholds of change from baseline to month 12, as defined in the ASCEND study protocol. Inferential statistics are reported for the purpose of informing assessments of the variability of the treatment effect. Supportive analyses were also conducted to assess the robustness of the effect of treatment on FVC; these included the mean change from baseline to month 12 in FVC and the cumulative distribution of FVC change from baseline to month 12.
Secondary efficacy analyses included the change from baseline to month 12 in 6MWD, change from baseline to month 12 in dyspnoea (as measured by the University of California San Diego Shortness of Breath questionnaire (UCSD SOBQ)) and progression-free survival (time to the first occurrence of death or disease progression, defined as a confirmed ⩾10% decline in FVC % pred or a confirmed ⩾50 m decline in 6MWD). Mortality outcomes in the pooled population from the ASCEND and CAPACITY studies have been reported previously, and are therefore not included in the current report.
For the rank ANCOVA analyses, missing values due to death were assigned the worst ranks based on the time of death from randomisation. Missing values for reasons other than death were imputed with the average value from three patients with the smallest sum of squared differences at each visit with nonmissing data. For the analysis of mean change from baseline in FVC, missing values due to death were assigned the worst possible value (i.e. "0").
Interactions between treatment and subgroups defined on the basis of demographics and baseline measures of disease status were evaluated for the change from baseline to month 12 in FVC % pred in the pooled population using rank ANCOVA analyses with treatment-by-baseline characteristic term in the model. Each interaction was tested individually without correction for multiplicity. Additionally, interactions between treatment and study were assessed using rank ANCOVA analyses with treatment-by-study term in the model; p-values <0.05 indicate statistical evidence of an interaction. To assess the overall effect of treatment across studies, the relative risk or hazard ratio and 95% confidence interval were calculated for each clinical efficacy end-point in the pooled population.
The magnitude of treatment effect was also evaluated in a pooled analysis of outcomes at the time of the study primary end-point in the respective trials (week 52 in ASCEND and week 72 in CAPACITY). To account for differences in trial duration between the ASCEND and CAPACITY studies, a Cox proportional hazards model was used to estimate the hazard ratio and 95% confidence interval for each clinical efficacy end-point, including time to confirmed decline in FVC ⩾10% or death, confirmed decline in 6MWD ⩾50 m or death, confirmed increase in UCSD SOBQ score ⩾20 points or death and progression-free survival time. The model was stratified by study and by geographic region within study (USA and rest of world) and data were censored at the time of the study primary end-point in the respective study (day 365 in ASCEND study and day 505 in CAPACITY). Differences between treatment groups were evaluated using the log-rank test.
Safety outcomes are reported as treatment-emergent events, defined as events occurring between baseline and 28 days after the last dose of study drug up to 1 year, and summarised descriptively. Adverse events were coded to preferred terms in the Medical Dictionary for Regulatory Activities, version 11.0.
Results
A total of 1247 patients were included in the analysis; of these, 623 were randomised to treatment with pirfenidone 2403 mg·day −1 and 624 were randomised to treatment with placebo in either the ASCEND or CAPACITY studies.
Demographics and baseline characteristics were generally well balanced across studies and treatment groups (table 1) . Median baseline values for FVC % pred and DLCO % pred were slightly lower, and median time since diagnosis was slightly longer, among patients enrolled in ASCEND compared with the CAPACITY studies; however, there was considerable overlap in these and other measures of baseline disease status across studies (see online supplementary figure S1).
A total of 1122 (90.0%) patients in the pooled population completed 12 months of treatment (566 (90.9%) patients in the pirfenidone group versus 556 (89.1%) in the placebo group). Study treatment was discontinued prematurely in 97 (15.6%) patients in the pirfenidone group and 81 (13.0%) patients in the placebo group (see online supplementary table S1 for patient disposition in the individual studies).
Efficacy outcomes
Analysis of outcomes at 1 year demonstrated that pirfenidone reduced the proportion of patients with a ⩾10% decline in FVC % pred or death by 43.8% (95% CI 29.3-55.4) and increased the proportion of patients with no decline by 59.3% (95% CI 29.0-96.8) compared with placebo (rank ANCOVA, p<0.001). The treatment benefit was evident at each time point beginning with the first assessment at 3 months (figure 1a). Sensitivity analyses using alternative imputation methods for missing data showed that the magnitude of treatment effect on the change in FVC at month 12 was highly consistent across analyses (see online supplementary table S3). Additionally, a favourable treatment effect was observed across the full distribution of change from baseline to 1 year in FVC % pred (figure 1b). For each point along the cumulative distribution of change from baseline, FVC outcomes favoured pirfenidone over placebo. The mean change from baseline to 1 year in FVC was -216 mL in the pirfenidone group and -363 mL in the placebo group (absolute difference 148 mL, relative difference 40.7%; p<0.001; figure 1c). Consistent with the categorical analysis, the treatment effect emerged by the first FVC assessment at month 3 and persisted throughout the duration of observation.
Subgroup analysis of FVC outcomes showed a consistent magnitude of treatment effect across all strata for each demographic variable and baseline measure of disease status (figure 2). The standardised treatment effect and 95% confidence interval for the change from baseline to 1 year favoured pirfenidone and excluded "no effect" for all subgroups. With the possible exception of time since IPF diagnosis (unadjusted p=0.034), there was no statistical evidence of significant interaction between treatment and baseline demographics or measures of disease status.
In the pooled analysis of change from baseline to 1 year in 6MWD, pirfenidone reduced the proportion of patients with a ⩾50 m decline or death by 28.7% (95% CI 15.1-40.2) compared with placebo. A total of 153 (24.8%) patients in the pirfenidone group experienced a ⩾50 m decline in 6MWD or death compared with 214 (34.8%) patients in the placebo group (p<0.001; figure 3a) . Additionally, pirfenidone reduced the risk of death or disease progression at 1 year by 38% compared with placebo (hazard ratio 0.62, 95% CI 0.51-0.75; p<0.001; figure 3b). Fewer patients in the pirfenidone group compared with placebo experienced a qualifying event for each component of the composite end-point, including a confirmed ⩾10% decline in FVC % pred (6.7% versus 13.6%), a confirmed ⩾50 m decline in 6MWD (16.9% versus 20.7%) and death (3.0% versus 5.1%). Finally, pooled analysis of dyspnoea outcomes showed that fewer patients in the pirfenidone group compared with placebo experienced a ⩾20-point increase in the UCSD SOBQ score or death at month 12 (148 (24.0%) patients in the pirfenidone versus 194 (31.4%) patients in the placebo group; relative difference 23.7%, 95% CI 8.4-36.4; p=0.047; figure 3c). Figure 4 summarises the overall efficacy results in the pooled population. The point estimate and 95% confidence interval for the relative risk/hazard ratio favoured pirfenidone and excluded "no effect" for each clinical efficacy outcome. Additionally, analysis of outcomes by study revealed generally similar treatment effects across all three independent studies, with no statistical evidence of an interaction between treatment and study (figure 5).
Assessment of outcomes at the time of the study end-point in the respective studies showed that the magnitude of treatment effect following treatment for up to 72 weeks was generally consistent with the observed magnitude of effect at 1 year (figure 6). The risk of a ⩾10% decline in FVC % pred or death was reduced by 52% (hazard ratio 0.48, 95% CI 0.37-0.63; p<0.001), the risk of death or disease progression was reduced by 38% (hazard ratio 0.62, 95% CI 0.52-0.75; p<0.001) and the risk of a ⩾50 m decrement in 6MWD or death was reduced by 34% (hazard ratio 0.66, 95% CI 0.54-0.82; p<0.001) in the pirfenidone group compared with placebo. Dyspnoea outcomes suggested a more modest treatment benefit; at the time of the study primary end-point, there was a 25% reduction in the risk of worsening dyspnoea (as measured by a ⩾20-point increase in UCSD SOBQ score) or death in the pirfenidone group compared with placebo (hazard ratio 0.75, 95% CI 0.60-0.93; p=0.007).
Safety outcomes
Consistent with previous studies in patients with IPF, nearly all patients in both treatment groups experienced at least one adverse event during the 1-year observation period (98.7% and 96.5% in the pirfenidone and Pirfenidone (n=623) Placebo (n=624) placebo groups, respectively). More patients in the pirfenidone group compared with placebo experienced an adverse event that led to early discontinuation of treatment (74 (11.9%) versus 54 (8.7%)); however, there were fewer serious adverse events (128 (20.5%) versus 139 (22.3%)) and fewer treatment-emergent deaths (14 (2.2%) versus 32 (5.1%)) in the pirfenidone group compared with placebo (see online supplementary table S2).
The most common adverse events are summarised in table 2. Gastrointestinal and skin-related adverse events occurred more frequently in the pirfenidone group than the placebo group. Consistent with prior observations, these were generally mild to moderate in severity and infrequently led to premature discontinuation of treatment.
Elevations in aminotransferases ⩾3 times the upper limit of normal occurred in 3.2% of patients in the pirfenidone group compared with 0.6% of patients in the placebo group, including one patient in the pirfenidone group with concurrent elevation in serum total bilirubin >2 times the upper limit of normal. All such elevations were reversible and without clinical sequelae.
Safety outcomes according to baseline measures of disease severity are summarised in table 3. In both the pirfenidone and placebo groups, patients with more severe physiologic impairment at baseline had a higher incidence of grade 3 and grade 4 adverse events, serious adverse events, and adverse events leading to treatment discontinuation. However, there was no evidence of a more pronounced effect of disease severity on the risk of adverse events in the pirfenidone group compared with placebo.
Discussion
IPF is a heterogeneous disease with markedly variable rates of disease progression [9] . As a result, precise estimation of the magnitude of treatment effect on measures of disease progression is challenging, particularly in individual clinical trials of moderate size. Analysis of pooled data from multiple clinical trials with similar study designs, patient populations and outcomes allows for more precise estimation of the magnitude of effect associated with a given treatment [10] . In the present analysis, we used pooled data from three similar phase 3 trials evaluating pirfenidone in patients with IPF to derive the most precise estimates to date of the magnitude of treatment effect on measures of pulmonary function and disease status. Our results demonstrate that treatment with pirfenidone for 1 year reduced the proportion of patients with a ⩾10% decline in FVC % pred or death by 43.8% and improved progression-free survival by 38% compared with placebo. Additionally, 28.7% fewer patients in the pirfenidone group compared with placebo experienced a ⩾50 m decrement in 6MWD or death. Analysis of outcomes following treatment for up to 72 weeks yielded similar results; for each end-point, the magnitude of treatment effect was consistent with the observed magnitude of effect at 1 year. Analysis of FVC change in subgroups defined on the basis of demographics and baseline measures of disease status showed that the magnitude of the pirfenidone treatment benefit was also consistent across subpopulations. For each subgroup, the standardised treatment effect favoured pirfenidone and the 95% confidence interval excluded "no effect". Additionally, the cumulative distribution of FVC change from baseline to 1 year in the pooled pirfenidone and placebo groups showed a consistent treatment benefit across the full spectrum of longitudinal change in FVC. Collectively, these findings demonstrate that the pirfenidone treatment benefit is observed across the continuum of baseline disease severity and subsequent rates of FVC progression.
Safety outcomes in the pooled population were consistent with the known safety profile of pirfenidone. Gastrointestinal and skin-related events were the most commonly reported adverse events in the pirfenidone group; these were typically mild to moderate in severity and rarely led to treatment discontinuation. While adverse events were generally more common in patients with more severe physiologic impairment, there was no evidence of a more pronounced effect of physiologic impairment on the risk of adverse events in the pirfenidone group compared with placebo.
The analysis of pooled data from multiple clinical studies is a widely used method of deriving more precise estimates of the magnitude of treatment effect on outcomes of interest, including those that occur with a low frequency in the individual studies [10] . Additionally, pooling study results can increase the generalisability of the findings by demonstrating the effect of an intervention in a broader patient population [11] . Finally, pooling data from multiple studies increases the power to assess the effect of an intervention in : reported as the number of patients at risk on the last day of each 12-week study period in each study (excludes five patients from the pirfenidone group and six patients from the placebo group who had no post-randomisation follow-up assessment).
subpopulations of interest. By way of illustration, eligibility criteria for the ASCEND study required a centrally confirmed diagnosis of IPF and a baseline DLCO % pred ⩾30%, while the CAPACITY studies required an IPF diagnosis determined by site investigators and a baseline DLCO % pred ⩾35%. Pooling data from ASCEND and CAPACITY allowed for estimation of the magnitude of treatment effect in the broader population and increased the power to interrogate potential differential effects of treatment across subgroups. Data are presented as % of patients in each stratum based on events occurring between the first dose and 28 days after the last dose of study drug, unless otherwise stated. AE: adverse event; DC: discontinuation; FVC: forced vital capacity; DLCO: diffusing capacity of the lung for carbon monoxide; 6MWD: 6-min walk distance.
The results of our study should be interpreted in the context of certain limitations. First, while the pooled analyses of efficacy outcomes were pre-specified prior to completion of the ASCEND trial, the analysis plan was written after the results of the CAPACITY studies were known. We note, however, that the primary objective of the pooled analyses was to obtain the most stable estimates of the magnitude of the treatment effect in patients with IPF; inferential statistics were reported for the limited purpose of informing assessments of the variability of the treatment effect. Second, certain aspects of the ASCEND study design and eligibility criteria were modified relative to the CAPACITY studies to decrease heterogeneity and enrol patients with a higher risk of disease progression. Despite these modifications, baseline characteristics among patients in the ASCEND and CAPACITY studies were quite similar, and the observed magnitude of treatment effect at 1 year was consistent across studies. Finally, baseline measures of disease status in the pooled population were consistent with mild-to-moderate physiologic impairment; accordingly, the extent to which our findings are generalisable to patients with more severe physiologic impairment or comorbidities that mandated exclusion from the phase 3 trials is not known.
In conclusion, our results provide the most stable and robust estimates to date of the magnitude of the treatment effect of pirfenidone on multiple measures of IPF disease progression. These findings provide further evidence to support the clinically meaningful treatment benefit and acceptable safety profile of pirfenidone in patients with IPF.
